C NMR and mass spectral studies. The elemental analysis suggests the stoichiometry to be 1:1 (metal:ligand). Four of these complexes were tested for its binding with CT-DNA using absorption spectroscopic studies and two of these complexes exhibit efficient DNA cleavage activity.
Introduction
For the past few decades, transition metal complexes have been of interest due to their capability of cleaving DNA under physiological conditions in the development of metal-based anticancer drugs [1] [2] [3] . Although the platinum-based anticancer drug such as cisplatin, carboplatin and organoplatin have been widely applied for many years to treat cancer, the treatment is limited by severe side effects including nephrotoxicity, emetogenesis and neurotoxicity [4, 5] as well as acquired and/or intrinsic resistance to the drugs [6] . These limitations aroused interest of inorganic chemists to develop innovative strategies for the preparation of more effective, less toxic, target specific and preferably non-covalently bound anticancer drugs. DNA is the primary intracellular target of antitumor drugs, because the interaction between small molecules and DNA can cause DNA damage in cancer cells [7, 8] . Moreover, for oxidative cleavage of DNA, the cleavage based on irradiation with UV-A light and natural light has gained importance for their potential use in treatment of tumor by the combined use of light and a photosensitizing drug [9] . In the recent years the research on ruthenium compounds in view to their cytotoxic properties has increased, motivated by the promising results already obtained in both inorganic and organometallic fields where the cytotoxicity reported for some compounds is comparable or even better than that of cisplatin [10, 11] . Certain ruthenium complexes containing Schiff bases acts as a potential pharmacological agents [12, 13] . In particular, transition metal complexes of thiosemicarbazones have been receiving more attention because of their wide pharmacological properties [14] [15] [16] .
With these considerations, we herein present the synthesis, structure, DNA binding and DNA cleavage activities of new ruthenium(II) complexes with thiosemicarbazone ligands derived by condensing salicylaldehyde/o-hydroxyacetophenone/o-vanillin/2-hydroxy-1-naphthaldehyde with thiosemicarbazide and acetyl furan incorporating PPh 3 /AsPh 3 /py (Scheme 1). 
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Synthesis of dibasic tetradentate Schiff base ligands
To an ethanolic solution of salicylaldehyde/ohydroxyacetophenone/o-vanilin/ 2-hydroxy-1-naphthaldehyde (20 mmol), thiosemicarbazide (20 mmol) and acetyl furan (20 mmol) were added and stirred along with a few drops of glacial acetic acid. The mixture was then refluxed for 6 h. On cooling, a solid separated out and was recrystallized from ethanol. The purity of the ligand was checked by Thin Layer Chromatography (TLC). Various attempts have been made for crystallization of the ligands suitable for single crystal XRD, and they were unsuccessful. The ligands were found to be stable in air. They are soluble in hot ethanol, DMF, DMSO and insoluble in water. The synthesized ligands exhibit thione-thiol tautomerism. In solid state, it exhibits thione form whereas, in liquid state, the equilibrium shifts to the thiol form [21] . and the mixture was refluxed for 6 h. The resulting solution was concentrated to about 3cm 3 and the complexes were precipitated by the addition of a small quantity of petroleum ether (60-80°C). The complexes were then filtered, washed with petroleum ether and recrystallized from CH 2 Cl 2 /petroleum ether and dried under vacuum (Scheme 2). Various attempts have been made for crystallization of the complexes suitable for single crystal XRD and they were unsuccessful. All the complexes were found to be stable in air. They are soluble in dichloromethane, DMF and DMSO, and insoluble in water.
Synthesis of ruthenium(II) Schiff base complexes
DNA-binding experiment
The UV-A at 260 nm and 280 nm of the Calf-thymus DNA (CT-DNA) solution in 5 mM Tris-HCl, 50 mM NaCl buffer (pH-7.2) at room temperature gave a ratio of 1.8-1.9:1, indicating that the DNA was sufficiently free of protein. The concentration of CT-DNA per nucleotide was determined from its absorption intensity at 260 nm with a molar extinction coefficient of 6600 M -1 cm -1 [22, 23] . Stock solutions were stored at 4°C, and used within 3 days. Titration experiments were carried out by varing the concentration of CT-DNA while keeping the ruthenium(II) complex concentration constant(10µm). The mixture was allowed to equilibrate for 5 min before spectra was recorded. In order to further compare quantitatively the affinity of complexes bound to CT-DNA, the intrinsic binding constant K b of the complexes were also determined from a graph. The graphs (inset plots in Fig. 1 ) are plotted between [DNA]/ ε a -ε f and [DNA] in y and x axis respectively. ε a data were obtained from the ratio of A obs /[Ru Complex] and ε f data were obtained from the extinction coefficient for the free ruthenium(II) complex. From the plot, K b is calculated from the ratio of the slope to the intercept. In order to get a straight line for calculating the slope, certain deviated points are excluded as outliers.
DNA-cleavage experiment
The DNA cleavage experiments were done by agrose gel electrophoresis. CT-DNA in 5mM Tris-HCl/50 mM NaCl buffer (pH-7.2) was treated with the complexes in the absence of additives. The samples were added with loading buffer. Then they were electrophoresed for 80 min at 50 V on 1% agrose gel using TAE buffer. After electrophoresis, bands were visualized by UV-A light and photographed. 
Results and discussion
IR spectra
A comparison of IR spectra of the free ligands with that of the new ruthenium(II) complexes is essential in assigning the coordination mode. The FT-IR spectral data are summarized in Table 2 . In all the ligands, a sharp peak appearing around 1615-1645 cm -1 is unequivocally assigned to ν(C=N), which is characteristic of Schiff bases. In the spectra of the complexes, this peak is slightly shifted to lower frequency around 1598-1610 cm -1 . This suggested that one point of attachment of the metal is through the azomethine nitrogen atom [24] . In all the ligands, a medium intensity band around 1050-1068 cm -1 is due to ν(C=S), and this band disappears and a new band appears in the complexes at 720-747 cm -1 , attributed to enolization of the -NH-C=S group and subsequent coordination through deprotonated sulphur [25] . A strong band due to phenolic C-O was observed at 1254-1278 cm -1 in the ligands, shifted to higher frequency (1301-1337 cm -1 ) in the complexes, showing that the other coordination site is through the phenolic oxygen [26] , which is further supported by the disappearance of broad band around 3163-3178 cm -1 due to phenolic OH in the complexes. The bands due to furan ring of the free ligands, at 676-708 cm -1 , upon complexation, this band is not affected shows that the non-involvement of the hetero atom in coordination. For all the complexes, a strong band in the region . Moreover, on comparing the spectra of the precursors, with that of the complexes, the absence of a band around 2014 cm -1 in the complex indicates the breakage of Ru-H bond. In addition, the spectra of the complexes show no change in the bands attributed for CO and triphenylphosphine/ arsine which also confirms the coordination [27].
Electronic spectra
Electronic spectra of the free ligands and their complexes are listed in Table 2 . The spectra of the free ligands showed two types of transitions at 299-307 and 340-398 nm due to π-π* and n-π* transitions involving the benzene ring, -C=N, and enolic S-H whereas, in the spectra of the complexes these bands were shifted to 248-262 and 296-370 nm, indicating the involvement of imine group nitrogen and thionyl sulphur in coordination with ruthenium. The spectra of the complexes showed another type of transition, different from the free ligands, around 397-460 nm. This band may be due to the charge transfer transition in the new ruthenium(II) complexes. All Schiff base ruthenium complexes were diamagnetic indicating the presence of ruthenium(II). 
NMR studies
The solubility in DMSO-d 6 of the ligands and the complexes allowed measurement of the 1 H NMR spectra. The experimental 1 H chemical shift δ (ppm) of both the free ligand and the complex are referenced to internal TMS. The NMR values are presented in Table 3 . Representative 1 H NMR spectra of a ligand and a complex are given in supplementary material, Supplementary Figs. 1 and 2 respectively. Aromatic protons of the ligands appear as multiplets in the range 7.09-8.28 ppm. The azomethine proton of
and H 2 L 4 appears as a singlet at 8.10-8.27 ppm. The -SH and Ph-OH proton of all the Schiff bases appears as a singlet at 10.85-11.40 ppm and 9.04-9.60 ppm respectively. For all the ligands, the azomethine methyl protons appear as a singlet at 2.23-2.45 ppm. The 
Mass spectral studies
The EI mass spectrum of the complex [Ru(CO)(PPh 3 ) L 1 ] was used to check its composition (supplementary material, Fig. 3 ). The molecular ion peak observed at 675.6 confirms the stoichiometry of the complex.
DNA binding studies
The absorption spectral titration of the complexes with CT-DNA was followed by monitoring the absorbance of intra ligand bands. The absorbance spectral traces of [Ru(CO) Fig. 1 . Any interaction is expected between the complex and the DNA when the ligand centered spectral transitions of the complexes are perturbed. The intensity of the bands, around 230 and 250 nm, for the complexes were found to increase with increasing the concentration of DNA. These four complexes exhibited hyperchromism of 33.1, 19.0, 16.0 and 13.3%, respectively. The hyperchromic and hypochromic effects are the spectral features of DNA concerning its double helix structure. In these complexes, the 'hyperchromic effect' is observed which results from the structural damage of DNA, is indicative of strong binding of the complexes to CT-DNA. However, no red shift was observed in the absorption traces, which ruled out coordinate covalent binding with N7 base moieties of DNA. Hence, the complex interaction occurs with exterior phosphates of DNA via electrostatic attraction [29] . In order to compare the affinity of complexes bound to CT-DNA quantitatively, the intrinsic binding constant Kb of the complexes were determined by the following equation [30] ,
where [DNA] is the concentration of DNA in base pairs, the apparent absorption coefficients ε a , ε f and ε b correspond to A obs /[Ru], the extinction coefficient for the free ruthenium(II) complexes and in the fully bound form respectively. 
Cleavage of CT-DNA
The study on the cleavage capacity of transition metal complex to DNA is considerably interesting as it can contribute to understanding the toxicity mechanism of them and to develop novel artificial nuclease. The cleavage ability of complexes [Ru(CO)(PPh 3 )L 1 ] and [Ru(CO)(PPh 3 )L 2 ] to CT-DNA was investigated by gel electrophoresis in Tris-HCl/NaCl buffer (p H 7.2) at 37°C. Both of the complexes show efficient DNA cleavage activity (Fig. 2) . The cleaved amount was enhanced with the increase of the concentration of the complex, showing the potential chemical nuclease activity of the complexes. The results showed that [Ru(CO) (PPh 3 )L 1 ] has more cleavage activity than the other complex.
Conclusions
A series of new mononuclear ruthenium (II) Schiff base complexes were synthesized and characterized by various physico-chemical and spectroscopic methods. Based on the studies, an octahedral geometry has been tentatively proposed. [Ru(CO)( PPh 3 )(L 2
